a b s t r a c t
Understanding the kinematic chain from foot to thorax will provide a better basis for assessment of malalignment of the body. The purpose of this study was to investigate the effects of induced calcaneal eversion on the kinematics of the hip, pelvis and thorax in three dimensions under unilateral weight-bearing. Twenty-eight healthy males were requested to stand on one leg under three conditions: normal (standing directly on the floor), and on wedges producing 5°and 10°calcaneal eversion. Recorded kinematic parameters included the angles of the hip joint, pelvis, and thorax in three dimensions. Eversion induced by wedges produced significant increases in hip flexion, hip medial rotation, pelvic anterior tilt, and thoracic lateral tilt and axial rotation to the standing side. In the frontal plane, pelvic lateral tilt to the standing side was decreased in 5°eversion condition compared with normal condition; conversely, it was increased in 10°eversion condition compared with 5°eversion condition. Arch height was negatively correlated with change in thoracic axial rotation to standing side from the normal to 10°eversion (r = À.528, p < .01). We concluded that induced calcaneal eversion affects the three-dimensional kinematics of the thorax through the hip joint and the pelvis.
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Introduction
The alignment of the rear foot influences the motion of bones and joints proximal to the foot in the weight-bearing position (Perry, 1983) . Foot pronation, which involves eversion of the calcaneus and plantar flexion and adduction of the talus, results in increased medial rotation of the tibia (Rockar, 1995; Perry, 1983) , and simultaneously yields medial rotation of the femur (Lafortune, Cavanagh, Sommer, & Kalenak, 1994) . More recently, it was demonstrated that calcaneal eversion influences the alignment of the pelvis (Khamis & Yizhar, 2007; Pinto et al., 2008) . Khamis and Yizhar (2007) reported a significant increase in anterior pelvic tilt with an induced increase in calcaneal eversion in a bilateral standing position. Further, Pinto et al. (2008) investigated the effects of bilateral and unilateral increases in calcaneal eversion on pelvic alignment in the frontal and sagittal planes during bilateral standing and reported an increase in anterior pelvic tilt with both bilateral and unilateral calcaneal eversion and a lateral pelvic tilt with unilateral calcaneal eversion.
These two studies are important because they were the first to experimentally demonstrate the effects of calcaneal eversion on pelvic alignment in the kinematic chain. There were, however, some limitations to these studies. One limitation is that the measurements in these studies were obtained under bilateral weight-bearing conditions. Even in the unilateral experiment conducted by Pinto et al. (2008) the subjects stood on both feet while the unilateral calcaneus was everted. Under bilateral weight-bearing conditions, pelvic alignment could be affected by both leg motions (Botte, 1981; Gurney, 2002) . Therefore, the direct effects of calcaneal eversion on three-dimensional pelvic kinematics under unilateral weight-bearing conditions, such as standing on one leg, are still unknown. The unilateral weight-bearing condition is a common element in many functional daily activities, and the influence of the kinematic chain from the foot may exert a stronger effect on the proximal segment under the unilateral weight-bearing condition than under the bilateral weight-bearing condition. Therefore, it is important to investigate the relationship between calcaneal eversion and the alignment of the proximal segment under unilateral weight-bearing conditions. The other limitation of previous studies is that the effect of calcaneal eversion on the upper body parts, i.e., up to the thorax, has not been investigated. Excessive pronation has been found to be a causative factor of low back pain (Botte, 1981) . It has been speculated that pelvic obliquity because of subtalar joint pronation could induce excessive load on the sacroiliac joint and spinal structures, thereby resulting in low back pain (Botte, 1981; Rothbart & Estabrook, 1988) . However, to the best of our knowledge, no studies have examined the direct relationship between calcaneal eversion and the kinematics of the upper parts of the body.
In addition, variations in foot structure may affect the kinematic chain. Some research findings suggest that plantar pressure distribution or the motion of the calcaneus and tibia as a result of kinematic coupling is different between the low-arch foot and high-arch foot or between a pronated foot and a supinated foot (Nawoczenski, Saltzman, & Cook, 1998; Wong, Hunt, Burns, & Crosbie, 2008) . Therefore, variations in foot structure could affect the kinematics of the upper parts of the body under induced calcaneal eversion conditions.
The primary purpose of this study was to investigate the effects of induced calcaneal eversion on the kinematics of the hip, pelvis and thorax in three dimensions. The secondary purpose was to examine whether variations in foot structure affect the kinematic chain in the upper parts of the body under induced calcaneal eversion conditions. We believe that a more complete understanding of the kinematic chain from the foot to the thorax will provide a better basis for assessment of body malalignment.
Methods

Subjects
Twenty-eight healthy male volunteers (age: 23.4 ± 2.7 (M ± SD) years, weight: 64.4 ± 5.5 kg, height: 173.2 ± 4.1 cm) participated in this study. Exclusion criteria included disease of any joint in the lower extremity/spinal joints and neurological disease. Subjects who had feet with rearfoot angles greater than 10.0°of eversion or feet with rearfoot angles less than 2.5°of eversion were excluded based on reference values for healthy subjects established by Cornwall and McPoil (2004) . Measurement of the rearfoot angle is described below. Subjects provided informed consent and the protocol was approved by the Ethics Committee of the Kyoto University Graduate School and Faculty of Medicine.
Foot measurements
To characterize foot structures, the rearfoot angle and arch height were measured. The subjects were asked to stand barefoot with the center of the heels a foot-length apart and toe-out angle of 10°. The rearfoot angle was obtained using a manual goniometer after first marking a line that bisected the subject's posterior calcaneus and lower one-third of the leg. Arch height was measured using a straight ruler as the distance from the inferior aspect of the navicular tuberosity to the floor. Arch height was divided by foot length for standardization. These methods are frequently used in the measurement of foot structures in the standing position (Cornwall & McPoil, 2004; Donatelli, 1996; Sobel et al., 1999; Williams & McClay, 2000) . In the present study, a single experienced physiotherapist performed each of the foot measurements. The intra-rater reliability of the foot measurements was tested for 10 subjects. The foot measurements in the present study showed acceptable intra-rater reliability with intraclass correlation coefficients (ICC 1,1 ) of 0.817 for the rearfoot angle and 0.967 for arch height.
Experimental setup
Body kinematics was recorded using a 6-camera Vicon motion system (Vicon Nexus; Oxford Metrics Ltd., Oxford, UK) at a sampling rate of 200 Hz. The subjects were clothed in close fitting briefs, and reflective markers were attached to the body according to the Vicon Plug-in-Gait marker placement protocol (full body) by a single investigator. The thoracic segment contained six markers: at the 7th cervical and 10th thoracic vertebrae, jugular notch, xiphoid process of the sternum, and left and right acromioclavicular joints. The pelvic segment had four markers: at the left and right anterior superior iliac spine and left and right posterior superior iliac spine. Two markers were applied along the line vertically bisecting the calcaneus. All data were low-pass filtered using a Woltring filter with a cutoff frequency of 6 Hz.
Protocol
Prior to data collection for unilateral standing, data were collected for 10 s in the bilateral standing position, which was the same position described previously for foot measurements. The bilateral standing position was used as a reference for calculating the angle in the unilateral standing posture. Trials under three unilateral standing conditions were then conducted. The three conditions included normal (E0; standing directly on the floor), a 5°calcaneal eversion condition (E5), and a 10°calcaneal eversion condition (E10). Altered calcaneal eversion was achieved by placing a medially tilted wooden wedge, which was wider than the plantar surface, covered with a nonslip mat at 5°and 10°under the right leg. Subjects were asked to stand on one leg with a toe-out angle of 10°and to flex the contralateral hip to 30°while maintaining neutral abduction/adduction and rotation, with their hands on their abdomen (Fig. 1) . Before experimental data collection, the subjects practiced standing on one leg under each condition several times to become familiar with the task. The subjects were then instructed to stand on one leg, while looking straight ahead for 10 s. The eversion conditions were measured in a random order. Measurements were repeated three times for each task.
Data analysis
Kinematic parameters measured included the angle of the thorax, pelvis, hip joint and calcaneal eversion. The angle of the thorax and the pelvic segment were measured with reference to the global frame. The hip angle was defined as the relative angle of the thigh axis, defined as the center of the knee joint to the center of the hip joint, to the pelvis in the local frame. The angles of the thorax, pelvis and hip joint were calculated in three dimensions. The calcaneal eversion angle was calculated in the frontal plane based on the method used by Khamis and Yizhar (2007) , and was defined as the relative angle between the tibial axis, defined as a line connecting the proximal and distal centers of the tibia, and a line formed by two markers bisecting the heel. All parameters were calculated with reference to the initial bilateral standing position.
Although recording was carried out over 10 s for each task, a latter 5 s was adopted to the analysis to eliminate the initial unstable phase associated with the transition from the initial stance to standing on one leg. The mean value over this 5 s was calculated for all parameters, and the mean value of three trials was determined for each subject.
Statistical analysis
For each parameter, a paired t-test with Bonferroni adjustment was used to determine whether differences existed among the three conditions. A p-value of <.016 was considered significant for the paired t-test. Pearson product moment correlation coefficients (r) were calculated to examine the relationships between foot measurements and changes in kinematics of the thorax, pelvis and hip joint from the normal condition to 10°eversion. A p-value of <.05 was considered significant for the correlation analysis. ICC 1,3 was calculated to determine the measurement consistency for each variable under calcaneal eversion conditions. All statistical procedures were performed using the SPSS 17.0 statistical analysis package (SPSS Inc., Chicago, IL, USA).
Results
Acceptable ICC 1,3 values, those between .878 and .992, were recorded for all kinematics parameters under calcaneal eversion conditions. Significant differences in calcaneal eversion were observed among the three conditions (Fig. 2) . Descriptive statistics for kinematics of the hip joint, pelvis and thoracic segment are shown in Table 1 . The hip flexion angle significantly increased with an increase in induced calcaneal eversion. The hip Fig. 2 . Comparison of the calcaneal eversion angle between three conditions. Normal condition: 2.01 ± 1.52°, 5°eversion condition: 3.50 ± 1.66°, and 10°eversion condition: 4.83 ± 2.15°.
Significant difference to value in normal condition. à Significant difference to value in 5°eversion condition. Positive values are flexion, adduction, and medial rotation for hip joint, anterior tilt, and lateral tilt and axial rotation toward the standing side for pelvic and thoracic segment. Bonferroni-adjusted p-value was set at .016. Significant difference to value in normal condition. à Significant difference to value in 5°eversion condition. adduction angle significantly increased at E5 compared with the E0; however, a decreased hip adduction angle was found at E10 compared with E5, and no significant difference was observed between E0 and E10. The hip medial rotation angle was significantly larger at E5 and E10 than at E0.
The pelvic anterior tilt displayed a steady increase with an increase in calcaneal eversion, although there was no significant difference between E0 and E5. The pelvic lateral tilt to standing side was significantly smaller at E5 than at E0 and E10. There were no significant differences among the three conditions for pelvic axial rotation.
In the sagittal plane, there were no significant differences in thoracic kinematics. Thoracic lateral tilt and axial rotation to standing side were significantly increased at E5 and E10 compared with E0.
The relationships between the foot measurements and changes in kinematics from E0 to E10 are shown in Table 2 . Arch height was significantly negatively correlated with thoracic axial rotation to standing side (r = À.528, p < .01).
Discussion
The present study demonstrates a transferred effect of calcaneal eversion up to the thorax in three dimensions under unilateral weight-bearing conditions.
The measured calcaneal eversion angle consistently increased by approximately 1.5°with each change in test conditions. This result suggests the validity of use of the wooden wedge as a tool to induce calcaneal eversion. Analogous to the results of Khamis and Yizhar (2007) , the results of the present study demonstrated that compared with normal condition, calcaneal eversion induced hip medial rotation. This finding may account for the high incidence of hip injury, such as iliotibial band friction syndrome, seen in people with excessive pronation (Hintermann & Nigg, 1998) .
Anterior pelvic tilt tended to increase under eversion conditions. This result is consistent with Khamis and Yizhar (2007) and Pinto et al. (2008) . However, the mean values for pelvic tilt indicate that the change in pelvic tilt in the sagittal plane occurred within a more posteriorly tilted position of the pelvis than in the bilateral standing position. It has been found that unilateral hip flexion is accompanied by a pelvic posterior tilt in standing (Murray, Bohannon, Tiberio, Dewberry, & Zannotti, 2002) . Thus, it may be that, although there was a statistically significant increase in tilting of the pelvis toward the anterior, calcaneal eversion while standing on one leg cannot induce a larger anterior tilt of the pelvis than in bilateral standing.
Interestingly, in the frontal plane, the pelvic lateral tilt to standing side decreased at 5°eversion compared to the normal; conversely, the pelvic lateral tilt to standing side increased at 10°eversion compared with 5°eversion. Hip medial rotation was increased at 5°eversion compared to normal. Hip abduction, in addition to medial rotation, coils and tightens all of the hip ligaments and capsule (Neumann, 2002) . Therefore, it is assumed that the hip joint positioned in medial rotation generates hip adduction motion to moderate the tension of the hip ligaments at 5°calcaneal eversion. At 10°e version, however, the pelvis tilted conversely toward the standing side. The increased calcaneal eversion of approximately 2.8°at 10°eversion in the present study is larger than that of the approximately 1.4°eversion observed in a previous study of walking (Cornwall & McPoil, 2004) . This suggests that the 10°eversion task in the present study may have produced excessive calcaneal eversion beyond the changes normally experienced during daily activities. The excessively pronated foot tends to load more medially (Willems et al., 2006; Wong et al., 2008) . Thus, at 10°eversion, subjects may have had to tilt the pelvis toward the standing side in order to recover their postural balance. Clinically, these findings may be significant, calcaneal malalignment might be one of the causes of the pelvic tilting especially in the sagittal and frontal plane. In the frontal plane, thoracic segment tilted toward the standing side under calcaneal eversion. In particular under the 5°eversion condition, lateral tilt of the thorax to the standing side was higher than under the normal condition, despite the fact that the pelvic tilt toward the standing side was less than that under the normal condition. This finding suggests that lateral tilt of spinal segments between the thorax and pelvis was induced by calcaneal eversion. Axial rotation of the thoracic segment toward the standing side significantly increased under the calcaneal eversion condition. However, pelvic axial rotation did not changed with calcaneal eversion; this indicates that increased rotation of the thorax may contribute to a shift in upper body mass toward the standing side combined with a lateral tilt of the pelvis, rather than contribute to controlling the rotation momentum induced by calcaneal eversion. The finding of increased thoracic rotation without pelvic rotation suggests that rotation of the spine between the thorax and pelvis was also increased due to calcaneal eversion. Frequent rotation of the spine has been identified as a risk factor for low back pain (Duncan & Ahmed, 1991; Gordon et al., 1991; Manning, Mitchell, & Blanchfield, 1984; Marras & Granata, 1995; Schmidt, Kettler, Rohlmann, Claes, & Wilke, 2007) . However, the motion of the each spinal segment was not evaluated directly in this study; further studies will be necessary to examine the influence of calcaneal alignment on spinal malalignment.
We found that the lower the arch height, the larger the thoracic axial rotation toward the standing side. A low-arch foot has a larger contact area on the medial aspect of its plantar surface; therefore, it may be accompanied by load shifting in the medial direction (Wong et al., 2008) . This medial shift in loading could be compensated for by a shift of the upper body toward standing side to maintain postural balance; however, in the present study, the thoracolumbar spine was bended toward the raised-leg side in response to pelvic lateral tilt. Consequently, it is likely that the thoracic segment was rotated to shift the mass of the upper body to the standing side. This finding may have implications for clinicians who assess postural malalignment in patients with low-arch feet. However, this study revealed the immediate effects of calcaneal eversion, and patients with foot pathologies might alter their posture to adapt to the underlying deformity of the foot. Further study on patients with foot pathologies may provide a better understanding of the kinematic chain from the foot to the hip, pelvis and thorax.
Conclusions
In conclusion, we found that wedge induced eversion conditions affect the three dimensional kinematics of hip, pelvis and thorax except for pelvic axial rotation. In addition, arch height was negatively correlated with change in thoracic axial rotation to standing side from the normal to 10°eversion condition. The findings of the present study highlight the need for clinicians to consider foot alignment when examining patients with malalignment, such as hip medial rotation, pelvic tilt and thoracic axial rotation.
